T he neuromuscular dysfunction occurring in intensive care units (ICUs) is usually called critical illness polyneuromyopathy (CIP), reflecting the difficulty to discriminate between myopathic and neuropathic causes of weakness syndromes. It occurs in 57-80% (1, 2) of ICU patients, with clinical features ranging from difficulties in weaning from the ventilator to severe weakness of limb muscles with tetraplegia and reduced deep tendon reflexes. For a more extensive description of these syndromes, refer to Bolton et al. (3) and Latronico et al (4) . Although long-term recovery is frequent, many patients remain affected by sequelae that markedly alter their quality of life (5) . The physiopathology of CIP is complex, involving metabolic, inflammatory, and electrophysiologic alterations in which the administration of corticosteroids, aminoglycosides, or a prolonged administration of neuromuscular blocking agents (NMBAs) have been implicated (2, 6 -8) . In fact, a close association exists between sepsis, inflammatory systemic response, multiple organ failure, and CIP. It can be assumed that sepsis could play a prominent role in the triggering of CIP (1) . However, most of the models are based on these clinical and paraclinical considerations, assuming that CIP is essentially due to a denervation-like syndrome (9) , more or less associated with a myopathy induced by corticosteroid therapy (9) . These types of models associating surgical denervation and corticosteroid treatment aim to reproduce clinical observations of CIP in chronic obstructive pulmonary patients under corticosteroids or in myopathy observed during prolonged mechanical ventilation after administration of NMBAs. A decrease in excitability due to a shift in the inactivation curve of the voltage-gated sodium channel has been shown in the latter model (10) . Alternatively, Tsukagoshi et al. (11) have reported a model of chronic sepsis induced by cecal ligature and perforations to study the immunopathologic mechanisms impairing neuromuscular junction, assuming that systemic inflammation is responsible for an up-regulation of muscle acetylcholine endplate receptors. Tomera and Martyn (12) have reported such an up-regulation, showing that chronic intraperitoneal treatment of mice with a sublethal dose of endotoxin produces hyposensitivity to NMBAs. However, acetylcholine endplate receptor channel density was not determined, and the involvement of sodium-gated channels was not investigated in this study.
We are interested in the study of alterations of the muscular membrane excitability induced by sepsis. To our knowledge, there is no study carried out Objective: Physiopathology of critical illness polyneuromyopathy was investigated in several animal-based models. Electrophysiologic approach was achieved in denervated and corticosteroid-induced myopathy; other models based on sepsis or inflammatory factors (zymosan, cytokines) were also used but did not consider voltagegated sodium channel implication in neuromuscular weakness. We have studied electrophysiologic effects of chronic sepsis on an intact neuromuscular rat model with special consideration to the subtypes of sodium channels involved.
Design: Experimental animal study. Setting: University laboratory. Subjects: Wistar rats. Interventions: Chronic sepsis was achieved by a technique of cecal ligature and needle perforation. Ten days after surgery, the rats were killed. Fast-twitch flexor digitorum brevis was excised and dissociated in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-buffered saline supplemented with 3.0 mg/mL collagenase. Fast sodium currents were recorded by a macropatch clamp technique at room temperature (22 ؎ 2°C) in a cell-attached configuration.
Measurements and Main Results: A decrease in maximal sodium current and in conductance was evidenced without modification of the sodium Nernst potential. A shift of the voltage inactivation curve toward more negative potentials could explain the observed decrease in excitability. In parallel, we observed an up-regulation of NaV 1.5-type sodium channels.
Conclusions: Chronic inflammation and sepsis induced modifications of sodium channel properties that could contribute to muscular inexcitability. This inexcitability can be elicited by a modification of properties or type of voltage-gated sodium channels. Our results lead us to explain this inexcitability by an up-regulation of NaV 1.5 sodium channel. (Crit Care Med 2007;  35:351-357) KEY WORDS: polyneuromyopathy; chronic sepsis; sodium channel; patch clamp; NaV 1.5; rat to evaluate the effect of inflammatory syndrome or chronic sepsis on a possible involvement of the voltage-gated sodium channels in the alteration of muscle membrane excitability related to CIP. Therefore, our purpose was to measure, by patch clamp and histochemistry, the effect of a chronic sepsis lasting 2 wks on the voltage-gated sodium channel properties in rat skeletal muscle.
MATERIALS AND METHODS
Animals. Wistar female rats averaging 340 g were used for the experiments. Two groups were used: 12 rats in the control group and 20 in the septic group. All the animals were housed in the same place at 23°C, with a 12-hr day/light cycle and fed ad libitum with standard rat pellets.
All procedures were performed according to our ethical regional committee recommendations. The experiments were authorized by departmental agreement 29 019-3 and performed according to the recommendation of the European Community directive 86/609.
Chronic Sepsis. Chronic sepsis was achieved by a technique of cecal ligature associated with needle perforation as described by Wichterman et al (13) . It was adapted to our purpose to obtain a chronic sepsis and not an acute one, which can kill the rats in a few hours. The surgical procedure was carried out under anesthesia (sodium pentobarbital, 60 mg/kg intraperitoneally). Briefly, after an incision in the midabdominal wall, the cecum was carefully exposed. After the placement of a partially occlusive ligature around the right colon junction, ten punctures were made in the cecum with a 24-gauge needle, allowing the passage of some fecal material in the abdominal cavity when gentle pressure was applied. More punctures or bigger needles led to acute sepsis and death of the animal. After closure of the abdominal incision, a 2-hr recovery period was allowed for the animals, which were then placed in their normal housing. Analgesic (paracetamol, 100 mg/kg) was administered orally at the end of the surgical procedure, and normal saline (30 mL/kg) was given subcutaneously. In these conditions most of the animals could survive for Ͼ2 wks.
Ten days after surgery, the rats were killed and the abdominal cavity explored, showing a large amount of bloody and murky fluid.
Micro-abscesses were apparent on the surface of bowel and liver. Septic rats failed to gain weight (Table 1) , showed hair erection, hyperexcitability, restlessness in locomotion, subconjunctival hemorrhage, and increased spleen weight.
Muscle Isolation and Enzymatic Dissociation of Muscle Fibers. The isolation procedure was previously described (14) . The rats were killed by stunning before cervical dislocation. Fast-twitch flexor digitorum brevis was rapidly excised from the hindlimbs and then placed in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-buffered saline supplemented with 3.0 mg/mL collagenase (type II, GIBCO-BRL, Gaithersburg, MD). The flexor digitorum brevis fibers were placed for 3-4 hrs at 37°C for enzymatic dissociation. After this incubation period, dissociated fibers were sampled and rinsed several times with bath recording solution before being transferred to a 35-mm Petri dish for patch-clamp recordings.
Macropatch Clamp. Fast sodium currents were recorded by a macropatch clamp technique at room temperature (22 Ϯ 2°C) in a cell-attached configuration (15) with a GeneClamp 500B amplifier and a CV-5-1GU headstage, allowing clamping of currents up to 100 nA (Axon Instruments, Foster City, CA). Micropipettes were pulled and polished from GC150TF-10 borosilicate glass (Harvard Apparatus, Natick, MA) with a DMZ-Universal puller (Zeitz Instruments, Germany). Pipettes had resistances averaging 2M⍀ when filled with the recording solution (150 mmol/L NaCl, 5 mmol/L KCl, 2 mmol/L CaCl 2 , 1 mmol/L MgCl 2 , 30 mmol/L HEPES). Voltageclamp protocols and data acquisition were performed with WinWCP V3.2.5 (Whole Cell program, University of Strathclyde, Glasgow, UK) through a 12-bit analog-to-digital/digital-toanalog interface (CED 1401, Cambridge Electronic Design, Cambridge, UK). Currents were low-pass filtered at 5 kHz and digitized at 35 kHz.
Because sodium channel density is five-to ten-fold higher on the endplate border than away from the endplate (16), sodium currents were recorded from the endplate. This could be visualized with phase contrast under an inverted microscope (Olympus IX 70) and with a progressive-scan digital camera (XC8500CE, DONPISHA, Sony, Japan). Capacitance currents were almost totally cancelled by the compensation circuit of the amplifier. To further eliminate residual capacitance transient and leak current, we used the P/4 subtraction procedure (17) . Briefly, four negative pulses with amplitude of the fourth of the pulse test amplitudes were applied to the patch before the test pulse, thus allowing the determination and then the subtraction of the residual leak current.
Pulse Protocols. Sodium currents were elicited by 18 depolarizing pulses from Ϫ40 mV to ϩ130 mV, applied at a frequency of 0.3 Hz. The holding potential was set to Ϫ100 mV, a value close to physiologic values of intact skeletal muscle fibers and at which most of the channels are in a closed state. At this holding potential, direct transitions from a closed to inactivated state could occur (18, 19) , leading a few sodium channels to be nonconductive. The current-voltage relationship was determined by applying to the patch membrane a cycle of 20-msec test pulses from the holding potential of Ϫ100 mV to increasing potentials (from Ϫ40 to ϩ130 mV by 10-mV increments). The intervals between each test pulse were long enough (3 secs) to allow complete recovery of sodium channel from inactivation. This protocol was repeated two or three times for each patch to make sure of sodium current stability, and if so, peak current amplitudes were averaged to obtain a mean value; the patches with nonreliable peak current amplitudes were discarded. The conductance is equal to the slope of the linear part of the regression current-voltage curve.
Fast Activation Determination. The activation curve was constructed from currentvoltage relationship data by converting current to conductance (g Na ): the current amplitude was divided by the driving force (V-V Na ), where V is the membrane potential and V Na the Nernst potential for sodium ions. Calculated values of g Na /g Na maxi were fitted onto the Boltzmann equation: g Na /g Na maxi ϭ 1/[1 ϩ exp(Va Ϫ V 1/2 )/Ka], where Va 1/2 is the potential at which half of the channels are activated and Ka is the slope factor.
Fast Inactivation Determination. Steadystate fast inactivation was measured by applying 50-msec conditioning prepulses to various holding potentials between Ϫ140 and ϩ20 mV, followed by a 10-msec pulse up to Ϫ20 mV to activate Na ϩ current. These protocols were repeated two or three times for each patch, and peak current amplitudes were then averaged to obtain a mean value. To compute the slope and half-inactivation voltage (Vh 1/2 ), the steady-state fast inactivation relationships were fitted with the Boltzmann equation: I Na / I Na max ϭ 1/[1 ϩ exp(Va Ϫ Vh 1/2 )/Kh], where I Na is the sodium current, I Na max is the maximal sodium current, Kh is the slope factor, and Vh 1/2 is the potential at which half of the channels are inactivated.
Expression of Na ϩ Channel. Normal and septic rat flexor digitorum brevis fibers were prepared by Liberase III (1053 CDU/mL, lot 93221420, Roche Diagnostics, Indianapolis, IN) dissociation at 37°C for 3 hrs. After disso- ciation, fibers were homogenized in homogenization buffer (0.3 M sucrose, 20 mM HEPES, 1 mM azide sodium, 1 mg/mL pepstatin, 1 mg/mL aprotinin, 1 mg/mL leupeptin, 1 mg/mL benzamidine, 8 g/mL calpain I and II, and 0.2 mM phenylmethyl sulfonyl fluoride, pH 7.4). Cell debris and nuclei were eliminated by centrifugation at 500 ϫ g for 10 mins, and the cleared supernatant was removed and centrifuged for 1 hr at 100,000 ϫ g to pellet the membranes (in a Beckman Instruments [Fullerton, CA] centrifuge with a Ti50 2 rotor), which were subsequently resuspended in buffer containing 0.1M NaCl, 8% sucrose, 30 mM imidazole, 1 mg/mL pepstatin, 1 mg/mL aprotinin, 1 mg/mL leupeptin, 1 mg/mL benzamidine, 8 g/mL calpain I and II, and 0.2 mM phenylmethyl sulfonyl fluoride, pH 7.4. The protein content was measured by Bradford method (20) . Proteins were diluted 1:1 with 2ϫ Laemmli sample buffer (S3401, Sigma, St. Louis, MO) boiled and subjected to separation by one-dimensional sodium dodecyl sulfate-polyacrylamide 10% gel electrophoresis (21).
The separated proteins were transferred to nitrocellulose membrane (0.45-m membrane, Millipore, Billerica, MA), and the blot was blocked for 1 hr at room temperature with 5% milk and Tween 20 in phosphate-buffered saline and incubated with mouse or rabbit primary antibodies against NaV 1.4 (3 g/mL anti-SkM1, monoclonal mouse immunoglobulin G clone L/D3, S9568, Sigma) and NaV 1.5 (4 g/mL polyclonal rabbit immunoglobulin G, S0819, Sigma), respectively. Revelation was performed by goat anti-mouse (1/1250, A2429, Sigma) or goat anti-rabbit (1/1250, A3687, Sigma) secondary antibodies conjugated to alkaline phosphatase, followed by detection using nitroblue tetrazolium (N6876, Sigma)/ BCIP (B6777, Sigma) substrate.
Data Analysis and Statistics. Excel (Microsoft, Redmond, WA) was used to analyze experimental data and to perform the curve fittings. Although a single fit to the data averaged from n patches is presented in Figure 3 , fits were performed from each individual patch to obtain mean values and SEM for statistical comparison of the fit variables between Table 1 shows that sepsis induced a weight loss in the rat related to cachexia, including a decrease in muscular mass, especially in the posterior part of the animal and the hindlimb. This can be clinically detected as soon as day 5 or 6.
RESULTS
Patch-Clamp Results. Patch-clamp recordings were done in flexor digitorum brevis muscle in 100 cells from septic rats and 40 cells from control animals; 61 and 21 recordings were obtained, respectively, from septic and control groups. Typical recordings are shown in Figure 1 .
Maximal sodium current intensity (I Na ) recorded after the application of depolarizing pulses was significantly decreased in the septic rats compared with control animals.
The current-voltage relation curve (Fig. 2) showed the decrease in the maximal sodium current by more than a half and the decrease in the maximal sodium conductance as reported in Table 2 . The sodium reversal potential (Nernst potential) was not significantly modified, indicating that there was no modification in sodium gradient. Activation and inactivation time constants were not modified (Table 3) .
Sepsis induced a shift toward more positive potential of the activation curve, although there was no modification in the reversal potential (Fig. 3A) . Potential of half activation (Va 1/2 ) was shifted toward more positive potential by 5 mV ( Table 2 ). The slope factor of activation (Ka) was significantly halved by sepsis, as shown in Table 2 . Sepsis induced a shift toward more negative potential of the inactivation curve, although there was no modification in the reversal potential (Fig. 3B) . Potential of half inactivation (Vh 1/2 ) was significantly shifted toward more negative potential in the septic group, but the slope of the inactivation curve was not significantly modified (Table 2) .
Histochemistry and Expression of Sodium Channels. Despite the lack of surgical denervation, chronic sepsis induced in flexor digitorum brevis an increased expression of NaV 1.5, as shown in Figure  4 , which presents a typical result. It should be observed that a thin band exists, indicating that NaV 1.5 channel type Figure 1 . Reduction of sodium current in muscular fibers isolated from septic rats compared with controls. Top, sodium current recorded in cell-attached patch clamp in control fiber; middle, sodium current from septic fiber; bottom, imposed voltage pulses.
was not totally absent in the control group. Furthermore, NaV 1.4 expression was not modified during chronic sepsis.
DISCUSSION
The main modifications in the sodium current recorded from muscle fibers isolated from septic rats may be summarized as follows: 1) A decrease in maximal sodium current (I Na ) along with a decrease in the sodium conductance; 2) No modification in the sodium Nernst potential, which can be interpreted as a lack of modification in the transmembrane sodium gradient; 3) No modification in the activation and inactivation time constants of sodium current; 4) A shift of the voltage activation curve toward more positive membrane potential; 5) A shift of the voltage inactivation curve toward more negative membrane potential, which could induce a decrease of excitability; 6) Meanwhile, an abnormal expression of type NaV 1.5 sodium channels.
We selected a chronic sepsis model obtained by a subacute peritonitis induced by cecal ligation and multiple punctures. The main criteria for sepsis characterization were positive hemocultures with Gram-negative germs 2 days after surgery and a murky intraperitoneal liquid. Secondary criteria were also taken into account: hyperexcitability and motor restlessness, hair erection, and subconjunctival hemorrhage. A 20% mortality rate was observed within the first four postoperative days due to acute peritonitis and septic shock. Survivors showed on the tenth day a severe neuromuscular illness characterized by a marked weakness, and muscular loss prominent on the hindlimb was detected as early as the fifth postoperative day. This model was selected for its close similarities with the human clinical situation in which a septic aggression, associating both an infectious location and its inflammatory response, leads to a neuromyopathy. These features differentiate this model from the other models used to mimic CIP. Unlike several authors who used either bacteriotoxins (22) or sera from patients with a CIP (23) or zymosan (24), we did not consider the effects of acute sepsis. Moreover, this model differed from models testing the individual effects of inflammatory cytokines (25) . At variance with Filatov and Rich (10), we did not perform nervous section or corticosteroid treatment because our goal was to obtain the effects of sepsis and inflammation per se. Our study was focused on the electrophysiologic consequences of sepsis on voltage-dependent sodium channels. From an electrophysiologic point of view, results are fairly constant from day 8 to day 15, as recorded in few rats, though we have reported only day 10 results in the present article. We have not reported earlier results because our aim was to study chronic sepsis and not acute, although muscular wasting was clinically detected as early as day 5. This observation is in keeping with several acute studies. Hund et al. (7) reported a decrease in the compound muscle action potential as early as the second day after severe systemic inflammatory response syndrome in humans. Similarly, in rats, intracellular Na content is increased 24 hrs after cecal ligation and puncture (26) . As we did not carry out a time-related study, we decided to use only rats with an established weakness and wasting (i.e., on the tenth day to record homogeneous data).
Current-Voltage Curve Analysis. With our type of chronic model, we demonstrate a decrease in maximal sodium current associated with a decrease in mean sodium conductance. These decreases can be attributed to a reduction in channel number, a modification of sodium gradient, or a modification in channel characteristics or type. Although we did not measure unitary conductances, we might assume that the channel properties rather than the channel number are implicated because the decrease in maximum current is deeper than the decrease in conductance (52% vs. 35%).
Wang and Kernell (27) , in a similar model of cecal ligation and puncture and in another model using lipopolysaccharide injection, observed after 24 hrs, by flame photometry, an increase in intracellular sodium and in intracellular sodium/potassium ratio. Our data do not support the hypothesis of a modification of sodium gradient because the equilibrium potential of this ion was not modified.
In a close model, Heard et al. (28) showed activation of protein kinase C (PKC) in cardiac cells, and Yang and Barchi (29) reported a phosphorylation of protein kinase A. The activated PKC could lead to a decrease in the sodium channel density due to internalization, as demonstrated by Wada et al. (30) in adrenal chromaffin cells with NaV 1.7 channels. In addition, we demonstrated, in a previous study (14) , a rapid and direct inhibition of sodium channels by PKC activation. These phenomena could contribute to the observed decrease in the maximal current.
Friedrich et al. (23) , evaluating in an in vitro model the effects of plasma from patients with CIP on healthy isolated muscle fibers, showed an increase of sodium current. These effects did not seem univocal because they differ depending on the heavy or light serum fraction used. It should be emphasized that they were acute studies.
Electrophysiologic studies were performed in another CIP model characterized by a denervation and corticosteroid treatment (10, 31) . These studies showed a shift in sodium current inactivation curve but did not take into account a possible decrease in sodium current and conductance. The decrease in sodium current and conductance in our experiments may help explain the observed hypoexcitability and the reduced neuromuscular response while the nerve integrity was preserved, which is at variance with the model by Filatov and Rich (10) . The nervous dysfunction in our situation should be more functional than organic because of the preservation of the nerve's integrity.
Activation and Inactivation Curves. As suspected from the current-voltage rela- tionship, the septic group showed a significant shift of the activation potential toward more positive potential. This shift of the voltage-dependent activation triggered by sepsis may contribute to the decrease in conductance and maximal sodium current. To our knowledge, such an activation shift has not been reported elsewhere.
The observed shift of the half-inactivation potential (Vh 1/2 ) toward more negative potentials can explain both the decrease in maximal sodium current and the decrease in excitability. Such an effect could be explained either by a modification of the type of the sodium channel (i.e., expression of NaV 1.5 channels as shown in the model by Filatov and Rich (10)) or by a direct effect of sepsis-related factors.
Actually, histochemical analysis showed an up-regulation of NaV 1.5 sodium channel expression in septic fibers compared with control fibers. That may stand for the observed shift and the decreased excitability due to their lower efficiency. This might be consistent with Zifko et al. (32) , who showed alteration of muscular action potentials in acute patients correlated with abnormal electromyographic activity that may be related to an up-regulation of NaV 1.5 channels, as observed in denervation processes (33) .
Also, we recently showed that activation of PKC can lead to such a shift in the inactivation curve. Because sepsis can provoke PKC activation (29) , it can be proposed that PKC activation by sepsis can participate in the induction of the observed shift. According to our electrophysiologic data, we can only speculate that factors inducing derepression of NaV 1.5 channels also shifted the inactivation of NaV 1.4.
Activation and inactivation time constants were not modified, meaning that intrinsic channel properties were not altered, which is not formerly in opposition with the hypothesis of an up-regulation of NaV 1.5, as these channels possess the same activation and inactivation time constant as NaV 1.4. The main difference in these channels is a half-inactivation potential more negative in the NaV 1.5 channels than in NaV 1.4. This is in keeping with a decreased neuromuscular excitability due to the shift, as proposed by Filatov and Rich (10) .
So far, a hypothesis can be proposed to explain the decreased excitability: it may come from a decrease in the number of sodium channels or from a modification of their properties or type. The shift of inactivation potential curve leads us to favor the second alternative.
The model used in the present study, associating a chronic sepsis with its inflammatory response, showed a decreased excitability of voltage-dependent sodium channels apart from any treatment (either corticosteroid or NMBAs), or anatomic nervous section, or provoked muscle disuse because the animals remained active up to the experiment.
Our findings support the idea that the primary effect of sepsis concerns the neuromuscular junction and particularly the sodium channel. Coakley et al. (34) did not show axonal neuropathy because the conduction speed was not modified during the first days after systemic inflammatory response syndrome in humans. We agree with Bolton (35) , who stated a neuromuscular junction dysfunction after 48 hrs of systemic inflammatory response syndrome in acute patients. Such a neuromuscular junction dysfunction may account for sepsis-induced hyposensitivity to NMBAs, as reported by Narimatsu et al (36) . The muscular wasting observed in the rat in the present study was not related to muscular necrosis or thick-filament myopathy on histologic examination, the latter being consistent with the fact that the animals did not receive corticosteroid treatment. Thus, our findings may contribute to explain the loss of muscle excitability related to sepsis.
Future directions of research might deal with:
Measurement of delay of action and inactivation of NMBAs to check if their kinetics of action in our septic rat model is similar to what is observed in humans. Measurement of conduction velocities of motoneuron axons, neuromuscular delay, and electromechanical delay in septic rats to check the level of the alteration of transmission. Immunohistochemical localization and quantification of Ach receptors and voltage-dependent sodium channels to check the hypothesis of quantitative alteration of electromechanical transmission. Identification of channel types and subunits to check the hypothesis of qualitative alteration of electromechanical transmission.
Further investigations will be carried out to answer these questions.
CONCLUSION
The muscular weakness induced by chronic sepsis can be related to the modifications of sodium channel properties: shifted curves of activation and inactivation leading to decreased excitability. This can be due to PKC activation but is also in keeping with an abnormal expression of the NaV 1.5 form. Such an expression is also observed in partial or total denervation. Thus, our model of sepsis can lead to a denervation-like status, contributing to muscular weakness. Future studies are necessary to assess these hypotheses.
